The question of the basic functional transport unit of bacteriorhodopsin (BR) has been addressed by comparing the proton pumping stoichiometry as well as the photocycle kinetics of monomeric and aggregated BR in phospholipid vesicles. When time-resolved laser spectroscopy was used in combination with the optical pH-indicator pyranine, single-turnover experiments revealed approximately 0.5-0.8 and 0.8-1.2 protons vectorially translocated per photocycling monomeric and aggregated BR molecule, respectively. Since both these values are akin and very similar to the pumping stoichiometry of crystalline BR molecules in the purple membrane, the BR monomer has been proven to be the essential transport unit. The natural arrangement of the photopigments in a crystalline array of immobilized trimers is not required for efficient vectorial proton translocation.
ABSTRACT
The question of the basic functional transport unit of bacteriorhodopsin (BR) has been addressed by comparing the proton pumping stoichiometry as well as the photocycle kinetics of monomeric and aggregated BR in phospholipid vesicles. When time-resolved laser spectroscopy was used in combination with the optical pH-indicator pyranine, single-turnover experiments revealed approximately 0.5-0.8 and 0.8-1.2 protons vectorially translocated per photocycling monomeric and aggregated BR molecule, respectively. Since both these values are akin and very similar to the pumping stoichiometry of crystalline BR molecules in the purple membrane, the BR monomer has been proven to be the essential transport unit. The natural arrangement of the photopigments in a crystalline array of immobilized trimers is not required for efficient vectorial proton translocation.
The light-energy-converting membrane protein bacteriorhodopsin (BR), which has a covalently bound retinal as chromophore (1) , has gained special attention due to its relative simplicity. However, the molecular mechanism by which, during the complex photochemical cycle, one proton per BR molecule (2) (3) (4) (5) (6) is vectorially translocated across the membrane is far from understood. Interpretation of measured functional data is hampered by the extraordinary organization of the photopigment in the cytoplasmic membrane of the cell. As the only protein of the so-called purple membrane (PM), it is arranged in a two-dimensional hexagonal lattice of protein trimers (7, 8) which are separated from neighboring trimer clusters by only one shell of lipids (9) . To interpret various experimental results with the aim of constructing a working model for BR's proton-transport mechanism, the basic functional unit of this light-driven proton pump has to be defined; the functional unit could be the monomer, the trimer, or even the lattice.
BR monomers do exhibit vectorial H+-transport activity (10) (11) (12) (13) . However, the important question whether or not monomeric BR has the same efficiency as the aggregate is controversial (12) (13) (14) . Previous results were all based on bioenergetic quantities (ApH, A/.LH+, A[ATP]) measured under steady illumination. In the steady state, however, not only the efficiency of the pump but also, to a great extent, the permeability of the membrane, the orientation of the BR, and back-pressure effects of ApH and 14 ( equipped with a logarithmic time base has been described elsewhere (6) . Before the flash and subsequent absorbance measurement, the samples were light adapted for 60 s (A>-500 nm) and were then allowed to dissipate the generated membrane potential and transmembrane pH gradient for another 600 s in the dark. Typically, 25 (17) .
RESULTS
The aggregation state of the BR population incorporated into the vesicular membranes was assayed by measuring the rotational diffusion of the protein within the lipid bilayer (18) (19) (20) and the excitonic coupling of the chromophores in the visible circular dichroism (CD) spectra (21) . Rotational Diffusion. (22) (ro = 0.087 + 0.008, mean (r) = 270 us). The exponential decay time, r, of 8.3 As is ascribed to the rotation of BR monomers (19, 20) . The slower decay components of the signal, which were fitted by the distribution of exponentials, reflect a second, slower (4T-) exponential decay function with reduced (=50%) amplitude expected for the BR monomer (19) as well as the tumbling of the whole vesicles with different sizes within the aqueous phase.
Anisotropy decay of the low L/P (Fig. 1A , upper trace) sample (L/P = 35, assumed aggregated BR) could be well fitted (smooth trace) by a model distribution of exponential functions (22 Below the lipid phase transition, the distributed decay kinetics are due only to the tumbling of the vesicles with different sizes, as the protein rotations within the lipid matrix are completely frozen (19, 20) . Therefore, a mean vesicle radius of 47 nm can be determined directly (47 ± 4 nm, QELS).
CD Spectra.The CD spectra in Fig. 1B illustrate an assay of the state of BR aggregation by the excitonic coupling of the chromophores within the hexagonal PM lattice (19) (20) (21) . These spectra were determined routinely for all vesicle samples and showed the monolobic shape for the monomeric BR in soybean PL at a molar L/P of 175 ( Fig. 1B) (16) . Pyranine signals were normalized (Fig. 3) Signals depicted in Fig. 3 all indicate a fast (=100-500 As) increase in proton concentration in extravesicular space, followed by a decrease in the time range of 5-100 ms which overcompensates the initial acidification. At last, there is a very slow (1-6 s) return (reacidification) to the initial value of proton concentration before the flash. This time course is understood on the basis of the following consideration. Pyranine is reporting pH changes only in the extravesicular space, since it is added externally and has a low permeating ability (25) . In the extravesicular space, at early times (Fig.  3) , proton concentration changes are detected resulting from the release of protons by BR during (or even before) the formation of the M intermediate (5, 6) . These protons are released by the outward pumping fraction ofproteins (outside out). This process is, however, not completely resolved in time by the pyranine method, since the rate-limiting'step for the pyranine signal is the diffusion ofprotons from the protein to the indicator (5, 6, 24) . Half-times of this diffusion process are given in Table 1 (=200 ,s at 25-280C, =500 us at 10C). Reuptake is detected in the extravesicular space of the vesicle suspensions, resulting from the fraction of BR molecules (inside out) pumping into the vesicle (Fig. 3) (Fig. 2) . From a comparison of the amplitude (normalized to equal BR concentration and flash intensity) of the flash-induced absorbance changes at various wavelengths (e.g., Fig. 2) , it can be concluded that the quantum yield of the all-trans-BR photocycle and possibly also of the 13- It is evident from the comparison of the pumping stoichiometries of monomeric vs. aggregated BR (Fig. 4) (28) .
Since the time courses of proton release and uptake are kinetically well separated (Fig. 3) , the degree of BR's orientation can be easily determined from the amplitude ratio ofthe respective kinetic processes of the pyranine signal. For the three different vesicle preparations studied in Fig. 3, net inside-out orientations of 0.67 for BR/soybean PL vesicles with molar L/P = 175, 0.55 for BR/soybean PL vesicles with L/P = 35, and 0.56 for BR/[Myr]2PtdCho/PtdSer vesicles with L/P = 120 were calculated. The spectroscopic technique represents a fast and nondestructive method for the determination of the orientation of the functionally active BR molecules in lipid vesicles, cell envelopes, and living bacteria. By side-specific proteolysis, higher degrees oforientation have been determined. This could result from the appearance ofadditional cleavage sites in reconstituted BR systems (P.A. Burghaus, unpublished results).
In conclusion, it can be stated unequivocally that the BR monomer is the functional unit for proton translocation.
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